Mixed-effects models were used to estimate within-person and between-person variance components, and some determinants of environmental exposure to particulate matter (PM 2.5 ), black smoke (BS) and trace elements (Cl, K, Ca, Ti, Fe, Ni, Cu, Zn, and Pb) for personal measurements from 30 adult subjects in Gothenburg, Sweden. The within-person variance component dominated the total variability for all investigated compounds except for PM 2.5 and Zn (in which the variance components were about equal). Expressed as fold ranges containing 95% of the underlying distributions, the within-person variance component ranged between 5-fold and 39-fold (median: sixfold), whereas the between-person variance component was always osixfold (median: threefold). The relatively large within-person variance components can lead to attenuation bias in exposure-response relationships and point to the importance of obtaining repeated samples of PM exposure from study subjects in epidemiological investigations of urban air pollution. On the basis of the variance components estimated for the various particulate species, between 3 and 39 repeated measurements per subject would be required to limit attenuation bias to 20%. Significant determinants for personal exposure levels were urban background air concentrations (PM 2.5 , BS, Cl, Zn, and Pb), cigarette smoking (PM 2.5 , BS, K, and Ti), season (PM 2.5 , Fe, and Pb), and the time spent outdoors or in traffic (Fe).
Introduction
Numerous studies have reported associations between exposures to particulate matter (PM) and the risks of cardiovascular and respiratory diseases (Pope and Dockery, 2006; Schlesinger et al., 2006) . Airborne PM originates from both natural and anthropogenic sources, including vehicular exhausts, burning of biomass and other fuels, and industrial emissions. The air quality guidelines for PM 2.5 , proposed by the World Health Organization, are 10 mg/m 3 as annual mean and 25 mg/m 3 as a 24-h mean (WHO 2005) . Although ambient PM contains a variety of organic, inorganic, and elemental components, the potential roles of these substances in causing human diseases are poorly understood (Schlesinger, 2007) . Black smoke (BS), measured as reflectance or light absorption, has been shown to be correlated with concentrations of elemental carbon or soot in PM samples, and offers an alternative way of monitoring combustion-derived particles in ambient air (Kinney et al., 2000; Gotschi et al., 2002) . Analysis of the elemental composition of particulate mass provides information about possible sources of exposure (Janssen et al., 1999; Koistinen et al., 2004) .
Environmental epidemiologists seek to accurately and precisely estimate relationships between exposure levels and health outcomes. Yet, exposures to air pollutants are highly variable in space and time (Rappaport, 1991; Clayton et al., 1993; Egeghy et al., 2005) . Furthermore, exposures can vary between (or across) individuals in a given city (due to different locations, personal activities, residential and lifestyle factors, etc), and within individuals over time (due to mobility, day-to-day differences in personal activities, etc). These distinct sources of random variation of environmental exposure complicate the quantitative characterization of exposure levels and can lead to biased (attenuated) estimates of exposure-response relationships. When all the study subjects have both exposure and outcome measurements, the amount of attenuation bias increases with the variance ratio, defined as the within-person variance component divided by the between-person variance component (Brunekreef et al., 1987) . Thus, it is important to obtain repeated personal measurements from study participants with which to estimate variance components ratios and the likely degree of attenuation bias under certain reasonable assumptions (Rappaport and Kupper, 2008) .
Factors that influence personal exposures to ambient particulate air pollution have been investigated in several studies with repeated-measures designs via mixed-effects models (e.g., Janssen et al., 1998 Janssen et al., , 2005 Ebelt et al., 2000; Liu et al., 2003; Rojas-Bracho et al., 2004; Kim et al., 2005; Sorensen et al., 2005; Adgate et al., 2007; Lanki et al., 2007; Brown et al., 2009) . However, only a few studies of environmental exposures to various air pollutants also reported between-person and within-person variance components for the study groups (e.g., Lee et al., 2004; Rappaport and Kupper, 2004; Egeghy et al., 2005; Lin et al., 2005; Sorensen et al., 2005; Lanki et al., 2007; Sarnat et al., 2009) , two of these studies investigated exposure to PM 2.5 and BS (Sorensen et al., 2005; Lanki et al., 2007) . These variance components have been more commonly estimated with personal exposure data collected from occupational settings (Kromhout et al., 1993; Preller et al., 1995; Rappaport et al., 1999; Burstyn et al., 2000; Liljelind et al., 2001; Symanski et al., 2001; Peretz et al., 2002; Hagstrom et al., 2008; Spaan et al., 2008) .
In this paper, we present variance components estimated with mixed-effects models for a set of personal measurements of PM 2.5 , BS, and trace elements from a study group of adult citizens in Gothenburg, Sweden (Molnar et al., 2006; Johannesson et al., 2007) . We used the estimated variance components to estimate sample sizes required to restrict attenuation bias to a fixed level in a hypothetical exposureresponse relationship. Results from models were compared to investigate the reduction of between-and/or within-person variances due to addition of fixed effects (determinants) to the models.
Materials and methods

Study Subjects, Design, and Methods
Twenty study subjects (aged 20-50 years), living in Gothenburg, Sweden, were randomly selected from the population register. In addition to these 20 randomly selected subjects (7 men and 13 women), 10 volunteers (1 man and 9 women) were recruited among employees at the Department of Occupational and Environmental Medicine in Gothenburg. The study group thereby included 30 subjects in total (8 men and 22 women) who, at recruitment, were between 23 and 51 years of age. At the time of monitoring, 24 of the study subjects were gainfully employed, three were students, one was on maternity leave, one was unemployed, and one had a sabbatical year. There were three smokers among the randomly selected subjects but none among the 10 staff members. The study was approved by the Ethics Committee at the University of Gothenburg.
All study subjects completed a short questionnaire about age, occupation, type of home, lifestyle factors, and workplace exposure to dust and/or fumes. The subjects also completed a daily diary for the 24-h monitoring period, including smoking (numbers of cigarettes per day), exposure to environmental tobacco smoke (ETS), time at home, time at work, time indoors elsewhere, time in cars or buses, and time outdoors.
The strategy and methods for air sampling were described in Johannesson et al. (2007) . Briefly, personal exposure to PM 2.5 was measured for 24 h for all the 30 study subjects in parallel with PM 2.5 sampling at a central urban monitoring station (urban background). One additional sample was collected from 10 of the 20 randomly selected subjects and from all the 10 employee volunteers. A total of 50 personal samples were collected on 47 different days, that is, during three of the sampling occasions, two persons were monitored simultaneously. The total number of urban background samples was 42 (five samples were lost because of technical failure). Because one subject among the randomly selected participants reported being exposed to dust and paint at work during the sampled day, this person was excluded from the data set, bringing the total number of personal samples to 49. Sampling was performed during two spring and two fall periods in both 2002 and 2003, on weekdays only. The second sampling for a given individual was performed within the same season, and the repeated measurement was collected from about 2 to 8 weeks after the first measurement (median: 26 days between repeats, range 14-54 days). In total, 29 personal samples were collected during the spring and 20 during the fall. Descriptive results about study subjects and information from the diaries are presented in Table 1 .
Air sampling was performed with a GK2.05 (KTL) cyclone connected to a BGI 400S pump (4 l/min) for the personal monitoring. At the urban background station, a PQ100 Basel PM 2.5 sampler (EPA WINS) (BGI, Waltham, MA, USA) with a flow rate of 16.7 l/min was used. Particles were collected on Teflon filters (Pall Teflo, Pall Corporation, Ann Arbor, MI, USA). Analytical methods have been described in Johannesson et al. (2007) and Molnar et al. (2006) . Briefly, filters were analyzed gravimetrically for mass concentration and then by reflectance for BS. The elemental composition of the particle mass was determined with energydispersive X-ray fluorescence. All personal and urban background samples of PM 2.5 were above the limit of detection (LOD), (Johannesson et al., 2007) . The coefficient of variation (CV) for duplicate personal samples (N ¼ 10) was 15%. Only trace elements with more than 50% of the samples above the LOD were used in calculations, these were: Cl, K, Ca, Ti, Fe, Ni, Cu, Zn, Br, and Pb. The CVs from the duplicate samples (N ¼ 10) for the trace elements were o35%, except for Fe, Zn, and Ni (48%, 53%, and 204%, respectively). The analytical CV was lower, o9%, for all elements except for Ni (13%) and Ti (27%) based upon repeated analyses (N ¼ 5) of two randomly selected filters, one with low and one with high-mass loading (Molnar et al., 2006) .
Distributions of personal exposure levels of PM 2.5 , BS, and the trace elements are presented in Table 2 . The median personal exposure to PM 2.5 in our study was 9.0 mg/m 
Statistical Analysis
Mixed-Effects Models. Statistical methods involved applications of two mixed-effects models to each exposure variable (PM 2.5 , BS, and trace elements) after natural logarithmic transformation, as described by Rappaport and Kupper (2008) , based upon earlier work (Rappaport, 1991; Kromhout et al., 1993; Rappaport et al., 1999; Lin et al., 2005) . The first model is given by the following expression:
where m Y represents the true fixed mean (logged) exposure level for the population, b i represents the random effect for the ith subject, and e ij represents the random effect of the logged exposure level Y ij on the jth day for subject i. The second model includes additional fixed effects for U covariates (so called ''determinants'' of exposure) C 1 , C 2 , y, C U as follows:
where the q uj are regression coefficients representing the U covariates. Values of the U covariates were gleaned from subjects' responses to questionnaires and diaries as follows:
, smoking (number of cigarettes per day), urban background levels (mg/m 3 , 10
À5
/m or ng/m 3 ), time spent outdoors or in cars or buses (h), and time spent at home (h). Exposure to ETS among the non-smokers was scarce, only reported for three sampling events (0.5, 1, and 2 h, respectively), and could not be evaluated in the models. Owing to the limited number of observations (N ¼ 49), the number of possible covariates for each model was limited to four. Applications of model (2) used backwards' stepwise regression to eliminate non-significant variables (P40.05).
In models (1) and (2), the random effects b i and e ij are assumed to be mutually independent with means of zero and variances s bY 2 and s wY 2 , respectively. Note that s bY 2 and s wY 2 are referred to as the between-person and within-person variance components. A more intuitive way to represent these variance components is in terms of the corresponding fold ranges that include 95% of the respective lognormal distributions of individual mean exposure levels across persons, that is, b R 0.95 ¼ e 3:92s bY , and daily measurements experienced by a typical person, that is, w R 0.95 ¼ e 3:92s wY (Rappaport and Kupper, 2008) . The estimated variance components from models (1) and (2) were compared to determine the impact of the fixed effects on the random variation between persons and within persons. The estimates of the total variance (s Y 2 ¼ s bY 2 þ s wY 2 ) from the two models were used to estimate the percent reduction of the total random variation due to addition of the fixed effects; that is,
] Â 100 ¼ percent of variance reduced. Also, the natural-scale mean exposure level (that is, the mean of X ij ) was estimated under model (1) as
. Statistical analyses were performed with the SAS System for Windows, version 9.1 (2003) . Model fits were evaluated using visual inspections of random effects based upon q-q plots (Rappaport and Kupper, 2008) . All variance components and regression coefficients were estimated using Proc MIXED assuming a compound symmetry covariance structure. Variance components were estimated using the restricted maximum likelihood method. If a measurement was below the LOD, the LOD, divided by the square root of 2 was used (Hornung and Reed, 1990) .
Potential Attenuation Bias We used the ratio of the estimated variance components, l ¼ s wY 2 /s bY 2 , under model (1) to assess the potential attenuation bias that a given exposure variable would introduce into a hypothetical exposure-response relationship. In this study, we assume an individual-based study, in which both exposure and a health outcome are measured in each study participant, as described by Rappaport and Kupper (2008) , based upon earlier work (Brunekreef et al., 1987; Kromhout et al., 1996; Tielemans et al., 1998; Lin et al., 2005) . We assume a linear relationship for a log-exposure-log-response relationship with a true regression coefficient given by b t . When a particular exposure measure (e.g., PM 2.5 ) is used to construct an empiric log-exposure-log-response relationship, the observed regression coefficient b o tends to be smaller than b t , indicating attenuation of the true exposure-response relationship. The quantity B, representing the ratio of the observed linear regression coefficient to the true linear regression coefficient, is related to the variance components ratio by the expression
where n is the number of repeated measurements per individual (Brunekreef et al., 1987; Rappaport and Kupper, 2008) . Thus, attenuation bias can be expressed by the quantity (1ÀB). For example, if B ¼ 0.8, indicating that the observed regression coefficient is 80% of the true regression coefficient, then the attenuation bias would be (1ÀB) ¼ 0.2 or 20%. From (3), it is seen that attenuation bias (1ÀB) increases with increasing l and decreases with increasing n. By comparing values of l across a competing group of surrogate exposure measures (e.g., PM 2.5 , BS, and elemental constituents), the measure with the smallest l would be the least biasing for use in estimating an exposure-response relationship. Also, with knowledge of l one can use Eq. (3) to calculate the number of measurements required per subject to limit attenuation bias to a fixed percentage. For example, if l ¼ s wY 2 /s bY 2 ¼ 1, then the number of repeated samples per subject required to reduce attenuation bias to 20% (B ¼ 0. 
Results
The q-q plots of the estimated random-subject effects and the residuals from the models were visually inspected for normality and showed no evidence of significant lack of fit (not shown) (Rappaport and Kupper, 2008) . However, one measurement of Ni was identified as an outlier, possibly because of contamination of the sample, and was excluded from further analyses. Br was excluded from the study because the very low (though detectable) levels were too close to the LOD to provide usable data.
Variance Components and Ratios
The results from the application of model (1) are presented in Table 3 . The estimated within-person variance components dominated the total variability for all the substances except for PM 2.5 and Zn (in which estimates of s bY 2 and s wY 2 were about equal). A large value of s wY 2 compared with s bY 2 indicates that differences in exposure for a given person from day to day were larger than differences in average exposure across persons over all days. Expressed as fold ranges, representing 95% of the respective populations of observations, daily exposure levels for a given subject varied from about 5-fold (PM 2.5 , Ti, and Zn) to 39-fold (Ni), whereas average exposure levels varied from about 1-fold (Cu and Pb) to 6-fold (Zn), (Table 3) . When the three smoking subjects were excluded, b R 0.95 was reduced from 4.9 to 1.8 for PM 2.5 and from 4.6 to 1.0 for K (not shown in Table 3 ), but exclusion of smokers did not demonstrably affect estimates of b R 0.95 for the other substances. Removing smokers did not noticeably affect estimates of w R 0.95 (not shown).
As shown in Table 3 , the ratio of the estimated variance components (l) ranged from about 1 (PM 2.5 and Zn) to 9.8 (Cl) with a median value of 2.1. In Eq. (3), it was shown that l dictated the likely degree of attenuation bias, resulting from exposure measurement error when a given surrogate exposure measure is used in an epidemiological study. Thus, Table 3 also lists the number of repeated measurements per subject (n) that would be needed to restrict the level of attenuation bias to 20% when using the ratios of the estimated variance components. For PM 2.5 , BS, and the trace elements, between 3 and 39 repeats per individual would be needed to restrict attenuation bias to 20%. For PM 2.5 , n ¼ 4 indicated that four measurements per individual would be needed. However, if the three smokers were excluded from the data set, reduction in the estimate of s bY 2 would lead to a much larger l (l ¼ 9.5), for which the corresponding estimate of n would be 38 measurements per person.
Exposure Determinants
The results from model (2) are presented in Table 4 . For personal exposure to the trace elements Ca, Cu, and Ni, none of the variables included in the model were found to be significant determinants. For PM 2.5 , significant determinants were season, smoking, and urban background levels.
Regarding season, monitoring during fall was found to reduce the personal exposure. The urban background level was also a significant determinant for the personal exposure to BS and the trace elements Cl, Zn, and Pb. Smoking was a significant determinant for personal exposure to BS, K, and Ti. Time spent outdoors and in traffic (hours) was only found to significantly affect the personal exposure to Fe, however, these times were quite small for most participants (median 1.3 h; range 0.25-6.0 h). Table 5 presents the variance components from the final models (2) compared with those from models (1) for PM 2.5 , BS, and the trace elements. The comparisons were made with the same numbers of measurements, which differed between the investigated compounds depending on whether or not urban background levels were included in the final models (49 observations without urban background levels as a significant determinant, and 43 measurements when included). For PM 2.5 , model (2) included season, smoking, and urban background levels; these fixed effects lowered the between-person variance component by 69% compared with the corresponding estimate from model (1) ( Table 5 ). The point estimate for the within-person variance component from model (2) was 43% smaller than that from model (1). A considerable reduction (91%) of the between-person variance component was seen for K, with smoking as a determinant in the model. For BS, Cl, and Pb, the within-person variance components were reduced by 46%, 49%, and 79%, respectively, when comparing models (2) and models (1). The reduction of the between-person variances was smallest for Ti, Fe, and Zn (Table 5 ). In terms of the total variance, addition of significant determinants under model (2) reduced Could not be estimated.
Variability of environmental exposurethe total variance by about half for PM 2.5 , Cl, and Pb (59%, 49%, and 67%, respectively). For the purpose of investigating the impact of the urban background levels on the variance components for PM 2.5 , model (2) was run without this determinant (with only season and smoking, but the same number of measurements (N ¼ 43) ). This resulted in a similar reduction of the between-person variance component, as previously, but no reduction of the within-person variance component. It therefore appears that urban background levels of PM 2.5 mainly affected the within-person variance component.
Discussion
The median personal exposure to PM 2.5 in this study was comparable to levels reported from Boston , Seattle (Liu et al., 2003) , and from Helsinki (Janssen et al., 2005; Lanki et al., 2007) , but lower than levels reported from Minneapolis (Adgate et al., 2002) , Toronto (Kim et al., 2005) , Copenhagen (Sorensen et al., 2005) , Vancouver (Ebelt et al., 2000) , and Boston (Rojas-Bracho et al., 2004) . Personal exposure to BS was lower than in Copenhagen (Sorensen et al., 2005) , Helsinki, and Amsterdam (Janssen et al., 2005; Lanki et al., 2007) . For the trace elements, the personal exposure was generally similar to levels measured in Helsinki (Janssen et al., 2005) , except for Cl, which was higher in Gothenburg. Levels reported from Minneapolis (Adgate et al., 2007) were also comparable, apart from Ti and K (higher in Gothenburg) and Ca (higher in Minneapolis). A more extensive comparison of the levels of trace elements in the present study with other studies can be found in our previous paper (Molnar et al., 2006) .
Our finding that the exposure variability for most particulate air pollutants was dominated by the within-person variance component is in agreement with previous studies that reported between-person and within-person variance components for environmental exposures to PM 2.5 , BS, or other air pollutants (Lee et al., 2004; Rappaport and Kupper, 2004; Egeghy et al., 2005; Lin et al., 2005; Sorensen et al., 2005; Lanki et al., 2007; Sarnat et al., 2009) . Studies of particulate exposures in occupational settings have also reported larger within-person than between-person variance components (e.g., Kromhout et al., 1993; Symanski et al., 2006; Hagstrom et al., 2008) . Thus, our finding that the within-person variance component dominated the exposure concentrations seems to be in agreement with previous studies both in occupational and environmental settings.
In the present study (in which three smokers and a few subjects reporting exposure to ETS were included), the total variance for personal PM 2.5 exposure was equally distributed between the within-person and between-person variance components (Table 3) . However, removing smokers and samples, collected when ETS exposure was reported, resulted in a larger within-subject variance component for PM 2.5 (66% of the total variance), and was thereby similar to results reported from Helsinki for elderly non-smoking subjects with no ETS exposure (Lanki et al., 2007) . For personal exposure to BS, the within-person variance component accounted for the larger part of the total variability (Table 3) , also in agreement with the findings by Lanki et al. (2007) and by Sorensen et al. (2005) .
Estimation of variance components ratios (l ¼ s wY 2 /s bY 2 ) for these air contaminants allowed us to comment upon the potential attenuation bias that would be introduced if such measurements were used to construct an exposure-response relationship. As shown in Eq. (3), the attenuation bias produced for a given variance ratio (l) can be reduced by increasing the number of samples per subject (n). Using the estimated variance components ratios observed in our study, values of n needed to reduce attenuation bias to 20% varied between 3 and 39 (Table 3 ). According to estimated values of l (Table 3) , Zn and PM 2.5 would be the least biasing measures of PM exposure for use in estimating an exposure-response relationship. The estimated number of samples needed for personal PM 2.5 exposure was four, however, as was mentioned in the results section, this depended largely upon including smokers, and thereby decreasing the variance components ratio for PM 2.5 (exclusion of smokers did not have the same result for Zn). Similar calculations have been made in some other studies regarding environmental exposures. In a study by Gustafson et al. (2005) , in which personal exposure to formaldehyde was measured, four samples per subject were needed to reduce attenuation bias to 10% for 24-h sampling periods. For indoor air samples of lead, phenanthrene, and chlorpyrifos, 47, 8, and 3 repeated samples per individual would be required to reduce attenuation bias to 20% (Egeghy et al., 2005) . In Lin et al. (2005) , the number of samples per person, to limit attenuation bias to 20%, was estimated to be 19, based on the median variance components ratios of 33 environmental studies of various air pollutants.
Environmental studies with many repeated measurements per subjects are, however, difficult to perform as they would be very costly and labor intensive. Another way to reduce attenuation bias is to perform group-based study designs when investigating exposure-response relationships in the general population. Owing to the typically larger within-individual variance component in environmental studies compared with studies of occupational exposures, the group-based design is suggested to be more useful for studies of the general population than in occupational studies (Rappaport and Kupper, 2008) . In all cases, it is important to seek as wide a range of exposures as possible to decrease the variance components ratio and thereby reduce the effects of bias.
Determinants of Personal Exposure
Factors that affect the personal exposure to ambient PM have been investigated in other studies. However, many of Variability of environmental exposure Johannesson et al. these studies have focused on susceptible populations such as elderly people, subjects with COPD and cardiovascular diseases, and children with asthma (e.g., Ebelt et al., 2000; Liu et al., 2003; Rojas-Bracho et al., 2004; Janssen et al., 2005; Lanki et al., 2007) . Studies investigating factors affecting PM exposures among the general adult population have been presented in the papers by Brown et al. (2009 ), Janssen et al. (1998 , Adgate et al. (2007) , mainly focusing on factors affecting the relationship between personal and outdoor levels, and by Sorensen et al. (2005) , investigating exposure among students in Copenhagen.
In this study, we tested the effects of various covariates as possible exposure determinants in mixed-effects models for each substance. For PM 2.5 , BS, K, and Ti, cigarette smoking was found to be a significant determinant for personal exposure (Table 4) . It is well known that smoking contributes to personal exposure levels of fine particles (e.g., Pellizzari et al., 1999; Koistinen et al., 2001) , and the elements K and Ti have both been detected in cigarette smoke (Mishra et al., 1986; Chang et al., 2003) . The fall season was found to have a negative parameter estimate in the mixed-effects model (2) for PM 2.5 , Fe, and Pb (i.e., monitoring during fall season lowered the personal exposure compared with spring season). Seasonal effects on personal PM 2.5 exposure have also been investigated with mixed-effects models by, for example, Rojas-Bracho et al. (2004) and Adgate et al. (2007) .
Urban background concentrations were found to be a significant determinant for PM 2.5 , BS, and the trace elements Cl, Zn, and Pb. The influence of outdoor levels on personal exposure to PM 2.5 has been shown by several other studies investigating environmental PM exposures (e.g., Janssen et al., 1998 Janssen et al., , 2005 Ebelt et al., 2000; Koistinen et al., 2001; Liu et al., 2003; Rojas-Bracho et al., 2004; Sorensen et al., 2005; Lanki et al., 2007; Brown et al., 2009) . BS has been shown to be well correlated with elemental carbon or soot and, accordingly, to serve as a marker for combustion-related air pollutants (Kinney et al., 2000; Gotschi et al., 2002) . We found that the outdoor level of BS was a significant determinant for personal BS exposure, indicating that BS in personal samples originates partly from outdoor sources such as, for example, traffic exhausts, and residential heating. This has also been shown by two previous studies (Sorensen et al., 2005; Lanki et al., 2007) . Pb is also known to have mainly outdoor sources, such as industrial combustion processes (e.g., refuse incineration) (Vallius et al., 2003; Molnar et al., 2006) , and as Gothenburg is a coastal city, airborne Cl originates from the nearby sea. A known outdoor source of Zn is tire wear (Swietlicki et al., 1996; Molnar et al., 2007) . Long-range transport from central Europe has also certainly contributed to measured levels of these trace elements in Gothenburg (Molnar et al., 2006) . Mixed-effects model (2) allows estimation of the betweenperson and within-person variance components while taking into account the fixed effects that were left as significant determinants in the final models. The results in Table 5 indicate that for PM 2.5 , BS, and the various trace elements, a reduction in either the between-person or within-person variance component, or both, could be seen. A similar comparison for exposures in occupational settings (rubber industry and pig farming) has been performed by Peretz et al. (2002) and for environmental exposure to lead, phenanthrene, and chloripyfos (a pesticide), (Egeghy et al., 2005) . In our study, the most prominent effects on the between-person variance components were seen for K and PM 2.5 . For K, smoking alone reduced the between-person variance component by as much as 91%, that is, the difference in mean exposure levels of K between the subjects was almost entirely due to the effect of smoking. The three significant determinants for PM 2.5 (season, smoking, and urban background) collectively reduced the between-person variance component by 69%. The major part of the difference in mean exposure to PM 2.5 between the study subjects could be assigned to smoking habits and seasonal effects, as the urban background levels seemed to mainly affect the within-person variance component. Long-distance transport is known to influence urban background levels of PM and often contributes to the relatively large day-to-day variation in levels measured in cities. In Gothenburg, long-distance transport was shown to have a significant effect on the measured urban background levels of PM 2.5 (Johannesson et al., 2007) . For our study group, the differences in urban background levels between the two sampling days for an individual were associated with the differences in personal exposure on these 2 days. This association was stronger than the association between the mean personal exposure and the mean corresponding urban background level for these subjects. It therefore seems reasonable that the urban background levels, as a determinant, reduced the within-person variance rather than the between-person variance.
Our study was small, which could explain why the estimated between-person variance component under model (1) was smaller than in model (2) for BS (Table 5) . Likewise, the small sample size probably contributed to estimates of s bY 2 equal to zero for Cu and Pb (Table 3) , which may occur when the within-individual variance is much larger than the between-individual variance.
In conclusion, we found that the within-person variance component dominated the total variability for most of the particulate species. The relatively large within-person variance components point to the importance of obtaining repeated samples from study subjects in epidemiologic investigations of environmental PM exposures. On the basis of the variance components estimated for the compounds, between 3 and 39 repeated samples per subject would be needed to restrict attenuation bias to 20%. This study was conducted in a Nordic city with about 0.5 million citizens, and most of the subjects were randomly selected among the adult general population. Further studies regarding variability in environmental particulate exposures from other parts of the world would be warranted.
Variability of environmental exposure
